the results of X-ray crystallography of m 6 A MTase M.TaqI, motifs IV-VIII were assigned to the active-site subdomain, motifs X and I-III to the AdoMet-binding subdomain, and the variable region was recognized as a separate target-recognizing domain (TRD) [3] . According to the possible linear arrangements of these three functional regions, m 6 A MTases were subdivided into 6 classes: a, b, g, d, e and z [1] . To date, nearly all characterized enzymes fall into the a, b and g classes, with only a few exceptions (reviewed in ref. [4] ). Structural characterization of the M.DpnM MTase (a) and its comparison with M.TaqI (g) demonstrated that despite absolute conservation of the catalytic domain, the TRDs of m 6 A MTases from different classes are unrelated and do not overlap spatially, when atomic coordinates are superimposed [5] .
M.EcoDam, one of three DNA MTases of E. coli K-12, is -like M.DpnM -a member of the a class, which methylates adenine in both strands of the GATC palindrome. However, M.EcoDam is not a part of a regular restriction-modification system. Instead, it regulates numerous molecular events [6] . Immediately after replication GATC sites are transiently hemimethylated, allowing corrections of mismatches by unmethylated strand-directed mismatch repair pathway [7] . Dam methylation of oriC is required for efficient initiation of chromosomal replication [8] . The sequestration of oriC and dnaA ensures single initiation of chromosome replication per cell division [9] . Moreover, methylation of dam sites at numerous promoters regulates their expression [10] . Dam methylation is not essential for viability, although Dam -strains show a variety of phenotypic effects including increased spontaneous mutations, moderate SOS induction, enhancement of duplication segregation, inviability of dam recA and dam recB mutants, and suppression of that inviability by mutations that eliminate mismatch repair [11] . DNA methylation plays an important role during development of E. coli virus T1 [12] , which encodes a close homolog A MTases, in contrast to the Eubacterial and T-even phage Dam MTases (a-class). In vivo, all known coliphage MTases are capable of methylating the adenines in all GATC sequences in the viral DNA. However, it is not clear why these and possibly other viruses afford the luxury of their own MTases, whose specificity overlaps with that of the host enzyme.
It is widely recognized that differences in virulence may be related to the presence or absence of particular genes. Recently it has been shown that Salmonella typhimurium mutants lacking Dam activity were totally avirulent and effective as live vaccines against murine typhoid fever [13] . It is not surprising, as the expression of at least 20 S. typhimurium genes known to be induced during infection is regulated by dam methylation -hence, it was suggested that Dam inhibitors could have broad antimicrobial action, and Dam-derivatives of many pathogens might serve as live attenuated vaccines [13] .
To investigate the function of DNA adenine methylation in H. influenzae, an important human respiratory tract pathogen, we attempted to clone and analyze the pair of dam genes from the H. influenzae Rd chromosome [14] and from its lysogenic bacteriophage HP1 [15] . Products of these genes are homologous to M.EcoDam and M.T1Dam MTases, respectively. The H. influenzae Rd strain is nonpathogenic, however these two types of Dam MTases occur commonly in enteropathogenic bacteria and their phages, respectively. As such, the study of DNA methylation in H. influenzae may improve our understanding of pathogenic mechanisms in virulent strains of this bacterium, evolution of enterobacterial phages and their genes, as well as evolution of DNA MTases in general. Cloning and functional characterization of M.HP1Dam has been published as a separate paper [16] . Here, we report comparative bioinformatic analysis of both Dam MTases and experimental characterization of M.HinDam, which was undertaken to confirm the theoretically predicted function of the bacterial gene. The homology models described in this paper are intended to guide future mutagenesis experiments and help in rational design of potential Dam inhibitors.
MATERIALS AND METHODS
Bacterial strains, plasmids, growth conditions and reagents, and DNA techniques. All general techniques were used according to protocols described for both host organisms -E. coli [17] and H. influenzae [18] . The H. influenzae Rd30 was used for cloning the dam gene. All standard reactions were done according to Sambrook et al. [17] or to recommendation of the supplier. The recombinant plasmid containing dam gene of H. influenzae was constructed as follows: The dam coding sequence was amplified by PCR using primers: Mtleft: 5¢-GCGCGCCATGG-TGTTACGTCCGAAAAAACAATC-3¢ and Mtright: 5¢-GGCCCCGGGTTTACGAGCACC-AAATATCGCAA-3¢. Both the PCR product and the vector DNA pMPMT4W [19] were digested with NdeI and SmaI and then ligated using T4 DNA ligase. The ligation mixture was transformed into E. coli GM2163 (damdcm -) and the resulting transformants containing the desired insert were tested for the presence of MTase activity. One plasmid, pHindDam was chosen for further study. To obtain inducible synthesis of H. influenzae Dam MTase the E. coli GM2163(pHindDam) cells were grown in LB broth supplemented with tetracycline (15 mg/ml) to mid-log phase. Then, to induce expression of the dam gene, L-arabinose was added to a final concentration of 1%, and the cultures were incubated for additional 18 h at 37°C with vigorous shaking. The cells extract was obtained as follows: 50 ml of induced cell culture was suspended in 50 mM Tris/HCl, pH 7.5, 1 mM EDTA, 7 mM 2-mercaptoethanol (ME) (buffer A). Cells were disrupted by sonication and cellular debris was removed by centrifugation at 100000´g for 1 h. The MTase activity was detected by measurement of transfer of CH 3 groups from labeled AdoMet to different types of substrate DNA. Reaction mixtures (20 ml) contained 50 mM Tris/HCl, pH 7.5, 10 mM EDTA, 5 mM ME, 2 mCi of [ 3 H-methyl]AdoMet, different amounts of DNA and 1 ml of cell extract. After incubation at 37°C for 30 min, the extent of methylation was assayed as described by Renbaum & Razin [20] Sequence retrieval, alignment and structure prediction. Dam-related sequences were identified using a variety of BLAST and PSI-BLAST searches [21] of a non-redundant (nr) database and publicly available nucleotide sequences from both complete and unfinished genome projects at NCBI (http://www. ncbi.nlm.nih.gov) and IIMCB (http://blast. bioinfo.pl) using sequences of M.HinDam and M.HP1Dam as queries. Multiple alignments were extracted from the BLAST output using the BIBVIEW software (http://bioinfo.pl/ bibview.pl) and corrected manually, taking into account preservation of continuity of predicted secondary structural elements. All structure predictions were carried out via the MetaServer/Pcons interface (http://bioinfo. pl/meta/; ref. [22] ; links to the individual structure prediction servers are provided therein).
Homology model building, refinement and evaluation. The three-dimensional modeling was carried out using the program MODELLER [23] [24] . The compatibility of residues with the environments provided by neighboring atoms or exposed to the solvent was assessed using VERIFY3D [25] .
RESULTS AND DISCUSSION

Cloning of the H. influenzae Dam MTase gene
The open reading frame of the MTase gene of H. influenzae was amplified by PCR using primers Mtleft and Mtright and cloned into the vector pMPMT4W in the orientation that allows for a high-level expression and tight regulation based on the promoter and AraC repressor/activator of the ara operon resulting in plasmid pHindDam. Expression and functional activity of H. influenzae Dam was tested in E. coli strain GM2163, carrying mutations in the dam as well as in dcm genes. The cell extracts prepared from E. coli GM2163(pHindDam) cells induced by the presence of the arabinose showed the presence of MTase activity that was much higher if the substrate DNA (l DNA) was obtained from E. coli dam cells (not shown). The specificity of this MTase was tested by comparative digestion of plasmid DNA by isoschizomeric restriction enzymes Sau3AI and MboI. It is known that the cleavage by Sau3AI is not affected by adenine methylation in the GATC sequence, whereas MboI digestion is prevented by this methylation [26] . Restriction analyses using plasmid DNA isolated from strains GM2163(pMPMT4W) and GM2163(pHindDam) confirmed a MTase activity in the latter strain. As shown in Fig. 1 [28]. Fortunately, the pattern of secondary structural elements predicted for the M.HP1Dam family was very similar to that experimentally determined for M.TaqI. Therefore, the alignment shown in Fig. 3 was based on combined sequence and structure threading followed by manual editing, rather than sequence comparisons alone. The pattern of predicted secondary structures and conserved residues known to be involved in cofactor binding and catalysis in the majority of MTases was used as a guide in cases where threading programs provided several alternatives.
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Structural models for M.HinDam and M.HP1Dam
Homology modeling of M.HP1Dam and M.HinDam MTases was based on the alignments displayed in Figs. 2 and 3 , respectively. The MODELLER program starts from an extended conformation of a polypeptide chain and builds three-dimensional protein models by satisfaction of spatial restraints extracted from the template structures according to given alignments. In the model building the backbone conformation of regions aligned with M.DpnM and M.TaqI structures was not changed, while the side-chain conformations were calculated based on local similarity to either of the templates. Analysis of the stereochemical parameters (backbone angles, bond lengths and chirality) did not reveal any unusual structural features. No major steric clashes were found in the final models. Although the structure evaluation programs reported low scores for some regions, all the problematic residues were found in loops, which we predict to interact with the cofactor AdoMet and the target DNA (see below). It is widely recognized that structure evaluation programs often misjudge the conformation and 3D-environment of ligand-binding residues as "unusual", because such amino acids are generally excluded from calculations of parameters of evaluation functions [29] . Nevertheless, the core regions of the M.HinDam and M.HP1Dam models were evaluated as reasonably folded by VERIFY3D (mean scores 0.463 and 0.291, respectively, with no regions scored < 0). The lower score for M.HP1Dam is quite typical for models based on correct alignments with templates of low sequence identity, and most likely reflects subtle differences in packing of side chains in the hydrophobic core caused by mutual shifts of peripheral secondary structure elements. However, these differences usually do not influence the global fold or the conformation of the essential side chains in the active site. Fig. 2 and 3 ). In addition, several short insertions/deletions (indels) are required to make the structure-based sequence alignment of the two enzymes (Figs. 4,  5) . The overall lack of regions of strong sequence similarities, except for the residues of the catalytic motif IV, is striking. Although both isomethylomers appear markedly different at all levels of organization, some correlation between individual conserved positions and common structural features can be easily noted.
The In the active site of both MTases, the con- (Fig. 4) .
making "redundant" contacts with the target sequence via the minor groove [31] . This difference suggests that the bacterial and phage MTases differ in respect to the protein-DNA contacts.
The a-class m 6 A MTases are believed to use similar elements for sequence recognition; they are the only class of MTases, which seems to show sequence similarity both in the catalytic domain and the TRD [5] . M.HinDam is predicted to possess the TRD cluster inserted between conserved motifs II and III, essentially identical to that of M.DpnM MTase. It is not surprising that in both MTases recognizing the GATC target, virtually all amino acids of the "recognition loop", with side chains pointing towards the DNA binding cleft, are perfectly conserved. It is therefore inferred that M.HinDam and M.DpnM recognize their target identically. On the other hand, studies on g-m 6 A MTases indicate that the TRD is generally located in the C-terminus and comprises a sizeable (over 100 aa) structural domain, which is not conserved at the level of the amino-acid sequence. It is not known if the TRD of g-m 6 A MTases is conserved at the structural level, since the crystal structure of only one member of this class (M.TaqI) is available and to our knowledge no systematic structure prediction study has been carried out to address this issue. Remarkably, the C-terminal extension is absent or not conserved in M.HP1Dam homologs. Besides, its small size (less than 30aa) suggests it forms a variable elaboration of the catalytic domain, as an additional b-hairpin in M.TaqI, rather than a separate functional domain (Figs. 2 and 4) . But since the phage MTases lack the key elements known to interact with the DNA in M.TaqI and M.DpnM, the question arises of how do they accomplish recognition of their target sequence?
Between motifs VII and VIII', which correspond to two antiparallel b-strands, M.HP1-Dam and its homologs possess a common insertion (Figs. 3, 4) , which is absent from M.TaqI and many other g-m 6 A MTases [1] .
a-m
6
A MTases possess an insertion in a similar location, although it bears little sequence similarity to the insertion present in phage MTases. Given the high content of Gly, Asp, Asn and Lys in the insert of M.HP1Dam homologs and Ser, Asn, Arg and Lys in the a-MTases, it is quite probable that they both form flexible loops. According to the method of Karplus & Schulz [32] these insertions constitute the most flexible regions in all protein sequences analyzed here (not shown). It is noteworthy, that the most favorable amino acid side chain-DNA base interactions involve Lys, Asn, Asp and Arg [33] . Hence, it is tempting to speculate that this region may contribute to DNA binding in both Dam MTase families.
It is beyond the limits of current modeling methodology to predict with confidence, if these loops adopt similar conformations and make similar contacts with the DNA. Since the primary sequence specificity determinants of a-MTases reside within the TRD, we speculate that this additional loop may contribute to the redundant readout of the target sequence. It is possible that that M.HP1Dam and its homologs use primarily one loop to make only a few essential amino acid-DNA interactions, whereas M.HinDam and other a-MTases use the "primary" TRD to recognize the GATC sequence and several other loops to precisely tune the sequence context-dependent specificity. This hypothesis can be tested by mutagenesis of the extended loops of M.HP1Dam aimed at fairly easy change in apparently not strongly constrained sequence specificity.
Evolutionary relationship of bacterial and phage Dam MTases
It is widely recognized that evolutionary divergence of protein structures occurs much less rapidly than divergence of protein sequences, and that tertiary structural similarities are generally retained at the expense of all else [34] . This indicates that selective con- Lysogenic bacteriophages are major vehicles for the transfer of genetic information between bacteria, including pathogenicity and virulence determinants [36] . Defective, incomplete, and cryptic prophages are ubiquitous in all fully sequenced bacterial genomes. Our analysis of the newly discovered M.HP1/T1Dam subfamily showed that these proteins are exclusively present in bacteriophage-related elements, of which the 933W coliphage is a recognized virulence factor [36] . The analysis of sequences adjacent to the M.HP1Dam/M.T1Dam-related open reading frames in all these elements indicated lack of significant mutual similarity (not shown). Given lack of close relationship between Dam-encoding phages, it suggests that the HP1/T1-like dam genes have been spread by horizontal gene transfer. A significant role in pathogenesis of H. somnus has been suggested for a cryptic prophage related to HP1 [37] . It remains to be determined, whether this prophage carries an M.HP1Dam-related gene.
It has been recognized that there is vigorous and ongoing horizontal gene transfer among the well-studied lambdoid phages of E. coli and Salmonella [38] . It is known that recombination can create new variants of viruses by either capturing genes or whole DNA segments from cellular nucleic acids or from other viruses [39] . This is well-illustrated in the case of HP1-related phages [40] and the recently discovered cryptic prophage f-flu of H. influenzae [41] . The data presented here suggest that the HP1/T1-like dam genes are intensely exchanged among phage and prophage genomes through the "common gene pool" [41] . The mechanisms ruling the variability of these elements and their recombination with host chromosome play a significant role in bringing together the virulence factors that make up the disease-potential of many bacteria.
Dam MTases as potential targets for the drug-design
Structurally similar AdoMet-utilizing enzymes are crucial not only for bacteria but also for the mammalian metabolism [42] . Hence, despite the availability of AdoMet analogs, like sinefungin, which could inhibit the Dam MTase, their lack of specificity precludes them from clinical use. The alternative strategy, which could overcome dissimilarities of both Dam MTases, would be the use of oligonucleotides, containing the recognition sequence, but incapable of being methylated and blocking the enzyme active site. It has been shown that DNA :m 6 A MTases does not recognize the methylated base per se, and that they bind to DNA substrates containing mismatches at the target position within the recognition sequence [43] . Oligonucleotides containing cytosine analogs have been found to have an inhibitory effect on DNA m 5 C MTases [44] . However, in the case of cytosine-C5, methylation proceeds via a covalent enzyme-substrate intermediate, whereas adenine-N6 methylation proceeds via one-step reaction [45] . Thus, such "suicidal" substrates based on adenine analogs are not available. Gel shift analysis demonstrated that the M.HhaI MTase had a higher affinity for oligonucleotides containing an abasic site instead of the target cytosine compared to the normal substrates [46] , what indicates that oligonucleotides lacking target adenines in the symmetrical GATC site might serve as inhibitors for the Dam MTases. All DNA MTases tested so far, regardless of the target specificity and reaction mechanism, bind the abasic oligonucleotide more strongly than the natural substrates. In principle, regardless of differences in the target DNA binding mode of both Dam families, the same modified substrate might be used against proteins of bacterial and viral origin.
Although the presented models provide a great deal of structural information about cofactor binding, information regarding the DNA binding is necessary for design of more sophisticated Dam inhibitors. This includes definition of specific amino acid-DNA base contacts, the "indirect readout" through phosphate backbone and conformational changes associated with substrate binding. Nevertheless, even in the absence of high-resolution X-ray crystallography or NMR structure determination, our models may serve as a guide for allocation of secondary structural elements and amino-acid residues of importance for further investigations. Importantly, we predict that the cofactor analogs may interact with different side chains in M.HP1Dam and M.HinDam MTases, which suggests that drugs designed against the cofactor-binding pocket of the bacterial enzyme may be ineffective against its phage isomethylomer and vice versa.
Phage genes can be beneficial to the host by enhancing its survival in certain limiting environments, in some cases providing virulence factors. It is widely accepted that bacterial genomes would ultimately incorporate all genes that potentially can function there, and give the organism selectional advantage. When the bacterial gene is lost or the enzymatic activity of its product is destroyed, the viral paralogous gene might become essential. The S. typhimurium bacteria lacking Dam activity were totally avirulent [13] . It is tempting to speculate, and remains to be tested, if Dam mutants of some pathogenic Proteobacteria would lose their virulence due to the disturbance of expression of Dam-regulated genes. To date, it has been shown to not to be We hope that our study will help to better understand the differences between these enzymes and guide the development of inhibitors against them.
CONCLUSIONS
In this paper we addressed the questions regarding common ancestry of two dam gene families by comparison of sequence and structures of their products. We also cloned and characterized the function of M.HinDam, which corroborated the sequence-based prediction. The lack of 3D information for Dam MTases prompted us to build homology models, which provide insight into the protein sequence-structure-function relationships in advance of experimental structure determination. The predicted structural similarity and the conservation of the functionally important residues suggest a distant evolutionary relationship between Dam MTases of H. influenzae and its phage and similar Dam MTase pairs found in other enteropathogenic bacteria. The models presented here helped to visualize significant differences between the host and the viral Dam MTases, which we find crucial in designing future experiments aimed at elucidation of the M.HP1Dam precise role in development of HP1 phage and possibly the virulence of H. influenzae. This, as well as verification of the importance of the analyzed regions and individual residues by mutagenesis of both MTases, will be addressed in a subsequent study.
The presented data also considerably extend our knowledge on m 6 A MTases and the problem of evolution of target DNA recognition. To date, results of comparative analyses were published only for closely related MTases, whose cognate specificity resulted from a limited divergence and not evolutionary selection for a particular function. We hope that our study will help to better understand the mechanisms of target recognition employed by DNA m 6 A MTase and the role the bacterial and phage Dam MTases play in the evolution of bacterial virulence. We also hope that our prediction of enzyme-ligand interactions both common and unique to the families of M.HP1Dam and M.HinDam homologs will aid the design of potential Dam inhibitors.
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